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EQUILIBRIUM AND POWER BALANCE CONSTRAINTS ON A QUASI-STATIC,
OHMICALLY-HEATED FRC

K. F. McKenna, D. J. Rej and M. l’uszewskl
Los Alamoe National Laboratory

~M Alamos, New Mexico 87545

I. Introduction
In present experiments, FRC’S (field-reversed configurations) are generated

on “dynamic” time scales using pu?.sed high-power theta-pirch technology, 1 which
does not easily ●xtrapolate to reactor-size devices. The attrsctiveneas of FRC
reactor acenario6 would be enhanced by the development of quasi-static
(i. c. formation time >> Alfven time) formation techniques requiring moderate
power levellt. In this ~e~ort the quasi-static formation of FRC plasmas 16
analytically investigated. ~ The set of equations which yield the time
evolution of the ohmically-heated-plasma parameters, under the constraints of
radial equilibrium and plasma energy losses, are presented. Subject to the
simplifying asaurnptions used in the model, this equation eet is completely
general and would applv to any ohmically-heated FRC. A sample calculation is
presented in which the FRC azimuthg

i
current, Ifj* is generated by the

rotating-ma~notic-field (1.MF) technique.

II. Governing Equations
% infinitely long, ohmicnlly-hented FRC in considered. The electron and

ion energy balance equations for a unit volume of the plasma are,
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where tho resl~tivity, n, fs assumed classlcal. Pra = n(t)~Fzn(0)Lz, is the
radiation power due to th~ inftisl frnctfon Fz of imp r ty clement z

et. 81??
with the

cooling rate, L,, nR computed 5Y Pol!4t , 1s the electron-ion
equillbratfori t!!md. el;~?ryn thermalKE, and TEP are the ion and energy
con;in~m~nt t t men respectively, with T = !. lll(rw/201) where, Cj - 1 f::
clansical conduction loanes and L <1 for !jtinen Rre t@r thhn claosical, 7
the npecle~ @elf-collision tire.’, #w is the wall radius, and ~j in the gyro~ddius
nt the nepnrntrix.

The radial dinttlhutfon of pnrttcl~ denulty, n, and azim{lthal curr nt
5(!Pleity j , : spk-lfled by aamurning rigid-rotor profilr~+, n - nmax uech K

[(r/rn)~ - !] w;l;c r it. th~ magnetic axfn, ant’ .If) - nek, . It is further
a~sumed that the FRC ~n c{ntnln?d within a flux-conserving wall ot :adluu rw, no
that r“ ~ rw, whe r~ ‘n = d2r in the nepsrntrlx radlua. Taking K z 2,
conservation of partlclen y?elds n ~ 211

-? ? ““r’
nL, in the initial fill

dennity. The rndial ●qullil,riurn cnnntr~ nt requ r~H

n k(Te + Tf) - IIW%JO,ma x (2)

wher~ thp maRnwtl? flmld at the wall, Bw, 1s crmatrained throuRh Ampere’s law by
the FltC nzirnuthal current,

=>
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Ohmic dissipation results in FRC heating on relatively long time scales.
This precents the possibility of “puff-gas injection” during the heating
process. In anticipation of the example calmlation given In section III, the
fill densfty, no, Ic allowed to Increase uniformly with temperature as,

no(t) - no(0)[(Te + Ti)/Te(0)]l’(2y+1) , (4)

where Y > 0, T (0) and n (0) are the electron temperature and density at .ime
t-o, and TjfO) = O. temperature isas,umed to be independent of radius. The
equation~ which result from integrating Eqs. la and lb over the plasma volume,
using the above expressions, can be solved to yield the time evolution of the
plasma parameters for a given rw, y, and the initial equilibrium conditions,
Te(0),no(O) and je(0).

111. Example Numerical Calculation ; FRC’e Formed k:’ the RMF Technique
Figure 1 illustrates the RMF generation vf al ~R~. This technique has been

successfully demonstrated 1.] small-scale devices. s * Accordinfl to Blevfn and
Thonemann, 4 the electrons are tied to the rotating field lines, of magnitude Bo,
resultin~ in a rigid-rotor current distribution j. . newr when, tice > u > Wci

and v
!311UC < 1, where u is the rotating-field frequency, I.IJce and IAJci are the

electron an~ Ion cyclotron frequencies (with respect to Bo) and ve~ i. the

electron-ion collision frequency.
Integrating jO over radius yields, 19 a wno for the total equilibrium

current. This current can be maintained by programming In time the
rotating-field frequency, UJ, rind/or no thro~gh puff-gas injection. Allowing w Q
no~ the radial ●quilibrium constralnt~ require that no(t) vary with temperatllre
an ~hown in Eq. 4 and so

(AJ- @)~(Te + Ti)/Te(())]y/2(y+l) (5)

where w(O) is the value of u at t = 0. Note that as Y + ‘, no(t) + no(()) (i.e.,
no Rnf, injcctlon) and u u (T + Ti).1/2

I%enumerical result. of Hugraas and Crimui,8.how that thf! rotnting field
can penetrate and be auntained within the plasma if the pen~trattnn condition 1~
oati~fled
pnr!t @%p~~$~~?~y~~~~ ~~~h~r~~~” thecla”’ical””n depth, Takin8, fromwhi?h nets an upper bound on 3., and using
Eqs. 4 and ‘i it can be ehown 2 t.hnt {f!e penetration rnndition ~Inn the fllncttonnl
form,

“el ‘w
~-r - F{nO(0), UJ(0), ‘I’e(o), rw, (1 + Ti/Te)f(Te/To(0))A (b)

where k = [(Y/2 - 1)/(2Y + 1)] + 3/4. If F < 1 at t = 0, t’len for y > 1/8 thr
penetration condition in eatfnffed for all time t. ThUfl , the boundn on Y fir~
l/fl <y t -. ‘T’he lnftfnl intatfn~ field fr?quency, w(O), ‘,- ohtnln~d from thr
combination ot’ the Eqfl. 2 and 3 cvalunted nt t = 0, and clln i~e written nn,

w(O) ~ Cl [Te(0)/no(O)] ‘/jrw2, (7)

wh~r~ C 1s n ronntant.
i

Suhntutfng f?q. 7 into Eq. U, Qvalunted nt t - 0,
yfel(ln, for thr initinl fill dennlly,

[H)
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and
The

For the initial conditions Te(0) - 2 ev, Ti(0) * O nd r = 40 cm, Eqa. 7
9 U3

8 give u(O) = 1.3 x 105 rad/sec and no(j) = 1.5 x 101 cm reape .veiy.
solution of Eqs. la and lb for Y - co (constant fill density) an / = 1/8

(maximum rate of gas injection), for the ahove set of conditions. ia plo.ted In
Fig. 2. Fbdiation and transport losses * been neglected BO these curves give
the upper bounds on Te and Ti, a~~uming classical resietivity. “1%e
corrempondlng no(t) and u (t) for this case are sho~ in Fig. 3= Although gas
injection results in a somewhat lower Te, it ie technologically advantageous in
view of the significantly smaller increase in rotating field frequency, u, than
required without gas injection. The effect of impurity ladiation is shown in
Fig. t, where T is given for Y - 1/8 and oxygen impurity fractions, ranging
from O to 15% of ?he initial fill density. The relatively weak effect of
radiation on the temperature time histoly Is attributable to low initial den’aity
n (0). The scaling of Te with wall radius IIS displayed in Fig. 5 for various
times. As can be sren, the tim~ required to ohmicaly heat quasi-statically
formed FRC’S to temperatures of fUBiOn interest increases with the device radiue
squared. Figures 6 and 7 show the effectti of crous-field thermal conduction on
the electron temperature time-history for rw = 40 cm, y = 1/8, and 2Z oxygen
impurity. Electron thermal conduction losaea many times faster than classical
can be tolerated (Fig. 6.). H,)wever, ion thermal transport (Fig. 7.) only
about a factor of two greater than clasiaical is sufficient to clamp T at
ullintereating values; a 1-D model ie required to adeq,,atcly investigate ~his
effecl-. For the y = - (constant den~ity) caae, ion ●nergy tranaport is

unimportant since the low initial Jenaity reuult~ in a characteristic
electror,-ion equilibration time that greatly exceeds the ohmic hea~i-g time (see
Fig. 2).
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